Exogenous application of acetylcholine elicits inward currents in hippocampal interneurons that are mediated via ␣-bungarotoxin-sensitive nicotinic acetylcholine receptors, but synaptic responses mediated via such receptors have never been reported in mammalian brain. In the present study, EPSCs were evoked in hippocampal interneurons in rat brain slices by electrical stimulation and were recorded by using whole-cell voltage-clamp techniques. Nicotinic EPSCs were isolated pharmacologically, using antagonists to block other known types of ligand-gated ion channels, and then were tested with either ␣-bungarotoxin or methyllycaconitine, which are selective antagonists for nicotinic acetylcholine receptors that contain the ␣7 receptor subunit. Each antagonist proved highly effective at reducing the remaining synaptic current. Evoked ␣7-mediated nicotinic EPSCs also were desensitized by superfusion with 1 M nicotine, had extrapolated reversal potentials near 0 mV, and showed strong inward rectification at positive potentials. In several interneurons, methyllycaconitine-sensitive spontaneous EPSCs also were observed that exhibited a biphasic decay rate very similar to that of the ␣7-mediated evoked response. These studies provide the first demonstration of a functional cholinergic synapse in the mammalian brain, in which the primary postsynaptic receptors are ␣-bungarotoxin-sensitive nicotinic acetylcholine receptors.
I]-␣BTx were discovered Ͼ20 years ago (Eterovic and Bennett, 1974; Polz-Tejera et al., 1975; Moore and Brady, 1976) , but the inability to demonstrate f unctional responses that could be blocked by ␣BTx led to speculation that central [
125 I]-␣BT x binding sites did not represent f unctional nAChRs (Quik and Geertsen, 1988) . However, the cloning and f unctional expression of the ␣7 nAChR subunit (Couturier et al., 1990; Séguéla et al., 1993) , which binds [ 125 I]-␣BT x with high affinity, and the demonstration that ␣7 mRNA is expressed in brain strongly suggested that the central [ 125 I]-␣BT x binding sites were f unctional nAChRs. Recent physiological studies have demonstrated that ␣BTx-sensitive nAChRs in brain act presynaptically to modulate synaptic transmission, rather than postsynaptically to mediate fast synaptic transmission (McGehee et al., 1995; Alkondon et al., 1996; Gray et al., 1996) . Where nicotinic responses have been found in the CNS that appear to be mediated by postsynaptic receptors, such as in the nucleus ambiguous (Zhang et al., 1993) , dorsal motor nucleus of the vagus (Ito et al., 1989) , medial vestibular nucleus (Phelan and Gallagher, 1992) , and at the motor neuron3 Renshaw cell synapse in spinal cord (Curtis and Ryall, 1966; Duggan et al., 1976) , synaptic transmission is mediated by nAChRs that have pharmacological characteristics inconsistent with those of ␣7-containing nAChRs. On the basis of such evidence, it has been proposed that a major role of ␣-BTx-sensitive receptors in the brain may be to modulate synaptic transmission via actions at presynaptic sites (McGehee and Role, 1996; Role and Berg, 1996) .
Nevertheless, in avian ciliary ganglion, postsynaptic responses are mediated partially by ␣BTx-sensitive nAChRs, although the ␣BTx-sensitive component of the synaptic current is mediated by extrasynaptic receptors (Zhang et al., 1996; Ullian et al., 1997) . In addition, ␣BTx-sensitive nicotinic currents can be elicited from hippocampal neurons in culture (Alkondon and Albuquerque, 1991; Alkondon et al., 1992; Zorumski et al., 1992; Komourian and Quik, 1996) , suggesting a possible postsynaptic role, and cultured hippocampal neurons from mice with a null mutation affecting the ␣7 subunit lack fast nicotinic currents (Orr-Urtreger et al., 1997) . The hippocampus expresses high levels of ␣7 mRNA (Séguéla et al., 1993) and is heavily innervated by cholinergic afferents arising from the medial septum. Moreover, it has been demonstrated in our laboratory (Frazier et al., 1996 (Frazier et al., , 1998 as well as others (Alkondon et al., 1997; Jones and Yakel, 1997) that responses evoked by the local application of acetylcholine onto hippocampal interneurons are readily blocked by ␣BTx as well as by another highly selective antagonist of ␣7-containing nAChRs, methyllycaconitine (MLA) . In the present study we demonstrate evoked synaptic responses in stratum radiatum interneurons that are mediated via ␣BTx-and MLA-sensitive nAChRs. This constitutes the first report of a functioning synapse in the mammalian brain in which ␣7-containing nAChRs mediate the postsynaptic response.
MATERIALS AND METHODS
W hole-cell recording. Young (14-to 27-d-old) male Sprague Dawley rats were decapitated, and a Vibratome (Pelco, Ted Pella, Redding, CA) was used to prepare 300-m-thick coronal slices of hippocampus. During incubation the slices were submerged at room temperature in artificial C SF containing (in mM): 124 NaC l, 3.3 KC l, 2.4 MgC l 2 , 10 D-glucose, 2.5 CaCl 2 , 1.2 K H 2 PO 4 , and 25.9 NaHC O 3 , saturated with 95% O 2 /5% CO 2 . All experiments were performed at room temperature while the tissue was superf used with buffer at a rate of 2 ml /min. Whole-cell patch-clamp recordings were made with glass pipettes pulled on a Flaming / Brown electrode puller (Sutter Instrument, Novato, CA). The resistance of the pipettes was 6 -10 M⍀ when they were filled with a potassium gluconate-based internal solution that consisted of (in mM): 130 K-gluconate, 1 EGTA, 2 MgC l 2 , 0.1-0.5 C aC l 2 , 2.54 ATP (di Na ϩ ), and 10 H EPES (free acid), adjusted to pH 7.25 with additional KOH. To generate I-V plots of evoked synaptic potentials, we used a cesium gluconate-based internal solution in which cesium gluconate replaced the K-gluconate, and we used QX-314 (5 mM) to block sodium-dependent action potentials. Individual hippocampal interneurons were visualized with an upright microscope equipped with differential interference contrast (Nomarski) optics. EPSC s were recorded in voltage-clamped cells with an AxoC lamp 2A amplifier (Axon Instruments, Foster C ity, CA) operating in continuous clamp mode. Interneurons were identified initially on the basis of their location, but they also were identified electrophysiologically on the basis of their resting membrane potential, ability to sustain a high firing rate in response to a depolarizing pulse, and a short interspike interval (Frazier et al., 1998 ). Evoked EPSC s were generated by twisted bipolar stimulating electrodes constructed from 0.0026 inch Formvar-coated nichrome wire that were placed under visual guidance in either stratum radiatum or stratum oriens. To achieve maximal stability of the evoked responses, we delivered stimulation at an interpulse interval of 2-3 min; all responses were recorded on a microcomputer with NeuroPro software (RC Electronics) and were analyzed in Microsoft E xcel with a custom-built add-in. Spontaneous EPSC s (sEPSC s) were filtered at 1.25 K Hz, stored on tape with a Racal FM tape recorder, and digitized off-line at a frequency of 5-10 K Hz. sEPSC s were detected by an automated event discriminator (Strathclyde CDR V3.6; courtesy of Dr. John Dempster, Department of Physiology, University of Strathclyde), and then all events were inspected visually to avoid the inclusion of noise that spuriously met our event detection criteria. Housing and treatment of all animals were in accordance with institutional guidelines.
Drugs used in the present experiments were obtained from Research Biochemicals (Natick, M A), including ML A, 6,7-dinitroquinoxaline-2,3( 1 H, 4 H)-dione (DNQX), DL-(Ϫ)-2-amino-5-phosphonovaleric acid (APV), bicuculline methiodide (BM I), 1␣H, 3␣, 5␣H-tropan-3-yl-3, 5-dichlorobenzoate (MDL 72222), and suramin. Nicotine, mecamylamine, atropine, and ␣BT x were obtained from Sigma (St. L ouis, MO). QX-314-C l was purchased from Alomone Labs (Jerusalem, Israel). All drugs that were superf used were added directly to the superf usion system from concentrated stock solutions via calibrated syringe pumps (Razel, Stamford, C T). In initial experiments it was noted that not all of the antagonists were required in every instance to isolate ␣7-mediated synaptic responses. DNQX and APV usually were required and thus were applied to every cell that was examined during the course of these experiments; in most cases MDL 72222, mecamylamine, and BM I were used also. In later experiments all of the antagonists were added simultaneously, often before whole-cell recording, to simplif y the experimental protocol and to maximize the time during which the ␣7-mediated synaptic events could be recorded.
Kinetic anal yses. K inetic analysis of spontaneous and evoked EPSC s was performed with SlideWrite 4.0 (Advanced Graphics Software, C arlsbad, CA). Either individual or averaged responses (excluding the stimulus artifact) were fit by using an iterative nonlinear-curve-fitting algorithm (Levenberg-Marquardt) to each of the equations listed below:
where i represents synaptic current, t represents time, k 0 and k 1 are constants that govern the amplitude of the response, T 1 and T 2 are time constants that determine the rate of rise of the response, 1 and 2 are time constants that determine the rate of decay of the response, and a and b are exponents that help to determine the rate of rise of the response. Equation 1 corresponded to the simplest model incorporating exponentially rising and decaying phases for the response. Equation 2 was based on the empirical observation that nearly all of the evoked EPSC s clearly showed two components to the decay of the evoked response and on the hypothesis that the ␣7-containing nAChR requires the binding of two acetylcholine molecules for the channel to open. Equation 3 was tested to see if a better fit could be obtained on the basis of the hypothesis that there were two independent components with unknown exponents. Equation 1 provided an adequate fit (r 2 Ͼ 0.90) to evoked EPSC s in only 3 of 11 cases and did not provide the best fit to any of the responses. However, it provided a good fit (r 2 Ͼ 0.94 in three cells) to the spontaneous events and the best fit in one of three of the cases examined. Equation 3 provided an equally good fit (r 2 ϭ 0.97 Ϯ 0.02, n ϭ 11) to the evoked EPSC s when it was compared with Equation 2 (r 2 ϭ 0.95 Ϯ 0.02; p Ͻ 0.004, paired Student's t test). However, in all but one case Equation 3 converged on solutions with what appeared to be unreasonable parameters (exponents Ͼ10, extremely long time constants, or responses that were the summation of simultaneously decaying inward and outward currents). Given the fact that both equations fit the data quite well, Equation 2 was used for the subsequent determination of the kinetic parameters of evoked EPSC s.
RESULTS

Isolation of nicotinic EPSCs
Interneurons in stratum radiatum of rat hippocampus were identified visually ( Fig. 1 A) , and recordings were made under voltage clamp, using whole-cell patch electrodes. Synaptic responses were elicited in area CA1 stratum radiatum interneurons by lowfrequency electrical stimulation of the afferent fibers in either stratum radiatum or stratum oriens ( Fig. 1 B) . To isolate synaptic potentials mediated by nAChRs, we blocked glutamatergic synaptic responses with a combination of the ionotropic glutamate receptor antagonists DNQX (10 -20 M) and APV (40 M). Under those conditions fast inward currents were often still observed in stratum radiatum interneurons that were voltageclamped at Ϫ65 to Ϫ70 mV. To eliminate the contribution of other types of non-nicotinic ligand-gated ion channels, we also superfused slices with the GABA A receptor antagonist BMI (20 -30 M), the selective 5HT 3 antagonist MDL 72222 (500 nM), or the ATP receptor antagonist suramin (100 M). Although suramin occasionally reduced the amplitude of the DNQX-and APV-insensitive EPSC, MDL 72222 and BMI typically had no effect. The ineffectiveness of MDL 72222 suggested that under our conditions 5HT 3 receptors usually were not activated; the BMI data may indicate that GABA A receptors were not activated, but it is more likely that GABAergic currents were not readily apparent because the cells were clamped near the chloride reversal potential. Currents mediated via GABA B receptors were not blocked specifically in these experiments, but they have a much slower time course than the EPSCs that were recorded. Finally, to reduce any portion of the remaining synaptic current mediated by nAChRs that did not contain the ␣7 subunit, we applied mecamylamine (2 M; a nonselective nAChR antagonist) in most experiments. At that concentration the mecamylamine only rarely affected the amplitude of the synaptic potentials that were observed in the present study. That finding is consistent with our previous report indicating that 2 M mecamylamine has only a minimal effect on the responses mediated by ␣7-containing nAChRs expressed by radiatum interneurons (Frazier et al., 1998) . The glycine antagonist strychnine was not tested because of its effectiveness as an ␣7 antagonist (Séguéla et al., 1993; Zhang et al., 1996) , but glycine would be unlikely to contribute to inward currents at the holding potentials that were tested. In most of the subsequent experiments the slices were superfused simultaneously with the full complement of antagonists described above (DNQX/APV/MDL 72222/BMI/mecamylamine/suramin; referred to as the "inhibitor cocktail"), because it became appar-ent that such treatment afforded the highest probability of isolation of putative nicotinic EPSC s, although in some cases not all of those antagonists were required.
Pharmacology of nicotinic EPSCs
The synaptically evoked responses that remained in the presence of the inhibitor cocktail were tested with low concentrations of MLA or ␣BTx (Fig. 2) , both of which are selective antagonists of nAChRs that contain the ␣7 subunit. In nine cells either MLA (50 -75 nM) or ␣BTx (100 nM) significantly reduced the EPSC amplitude; the average degree of block for those antagonists was 77 Ϯ 4.6% (Fig. 2 E) . In individual instances (e.g., Figs. 2C, 3A, 4) the block of the EPSC was essentially complete. To ensure that adequate concentrations of antagonists had been tested, we superfused four additional cells with higher concentrations of MLA (100 -150 nM). Although there was a slightly greater inhibition of the EPSC in those experiments (Fig. 2 E) , the difference was not statistically significant ( p ϭ 0.49, unpaired one-tailed Student's t test). Atropine (5 M) was without effect on these fast EPSCs (data not shown). The antagonism of the EPSC by MLA could be quite rapid (Fig. 3A) , whereas the block seen with ␣BTx was slow to develop, usually taking 15-20 min to approach the maximal level of inhibition. The ␣BTx-induced blockade proved to be irreversible, and recovery from MLA was very slow, with most experiments ending before complete recovery could be achieved. Overall, the characteristics of the MLA and ␣BTx blockade of the synaptic potentials recorded in the radiatum interneurons that were observed in the present study were similar to those we have reported previously concerning the blockade of responses to exogenously applied acetylcholine (Frazier et al., 1998) . Given the pharmacological selectivity of these antagonists, it is apparent that the majority of the synaptic current observed in the presence of the inhibitor cocktail was mediated via the activation of ␣7-containing nAChRs, presumably by synaptically released acetylcholine.
Because many types of nAChRs are susceptible to desensitization by nicotine, the sensitivity of the evoked EPSCs to the bath application of nicotine also was used to determine whether the responses were mediated via nAChRs. In four cells, superfusion with 1 M nicotine reversibly reduced the amplitude of the MLAsensitive EPSC by 74 Ϯ 7.3% (see Fig. 2 D,E) without producing detectable changes in the holding current (Fig. 3B) . We previously have shown that ␣7 receptor-mediated responses elicited by exogenous application of acetylcholine to stratum radiatum interneurons are blocked in a nearly identical manner by nicotine superfusion (Frazier et al., 1998) , presumably by agonist-induced receptor desensitization. Thus, from a functional standpoint the slow application of low concentrations of nicotine has an antagonistic rather than agonistic effect on transmission at these synapses.
Although the currents observed in the presence of the inhibitor cocktail were often MLA-or ␣BTx-sensitive, that was not always the case. More than 125 cells were tested to observe 17 that reliably exhibited ␣7-mediated currents. Nearly one-half of all cells failed to show an appreciable current in the presence of the inhibitor cocktail, and some of those that did were not stable enough to allow for a complete pharmacological characterization. Further, some cells showed EPSCs that could not be blocked by any of the antagonists that we tested and showed other properties (e.g., outward rectification) that clearly distinguished them from nicotinic responses. The relatively low proportion of cells tested that exhibited ␣7-mediated currents is likely to be a reflection of the difficulty involved in stimulating the appropriate afferents or of a relative lack of intact afferent projections in the coronal slice preparation. We do not believe it is likely to indicate a paucity of cholinergic afferentation in the intact brain, because we have shown previously that a strong majority (70 of 76) of stratum radiatum interneurons respond to local acetylcholine application with ␣7-mediated currents (Frazier et al., 1998) . In the future other preparations (e.g., septohippocampal slices) may provide a greater rate of success when attempts are made to record ␣7-mediated synaptic potentials. Nevertheless, the results presented in the current work include only those from cells in which the majority of the inward current (in the presence of the inhibitor cocktail) could be blocked by either MLA or ␣BTx. Even of those cells, 76% continued to exhibit a residual current that clearly could be distinguished from the noise (i.e., Ͼ6 pA) after treat- ment with an ␣7-selective nAChR antagonist. On average, the amplitude of those residual currents was 26 Ϯ 3.2% of the control amplitude. Although the kinetics of the residual currents were usually very similar to the ML A-sensitive current, suggesting that they were mediated via the same receptors, it is possible that a component of the ML A-insensitive current may have been mediated via an unidentified transmitter that was insensitive to MLA and ␣BTx.
Spontaneous synaptic events
To provide f urther evidence of a f unctional synaptic input to hippocampal interneurons mediated by postsynaptic ␣7-containing nAChRs, we examined spontaneous synaptic events that persisted in the presence of the inhibitor cocktail and compared them with evoked synaptic responses in the same cells. In 3 of ϳ15 cells with low and stable access resistance, spontaneous synaptic events were observed and subsequently were challenged with ␣7-selective nicotinic antagonists. The events occurred with a low frequency (0.25-0.75 Hz) and had average amplitudes between 10 and 20 pA in cells clamped at Ϫ70 mV. During superf usion with 150 nM ML A, these spontaneous events became undetectable. The time of their disappearance coincided with the loss of the synaptically evoked response (Fig. 4) , f urther suggesting that the evoked and the spontaneous ML A-sensitive currents were mediated by receptors with similar pharmacological properties.
Physiological characteristics of evoked and spontaneous ␣7-mediated nicotinic currents
Like the ␣7-mediated inward currents elicited by local application of acetylcholine to hippocampal interneurons (Frazier et al., 1998) , those evoked by electrical stimulation had extrapolated reversal potentials near 0 mV and showed strong inward rectification at potentials positive to reversal (see Fig. 2 F) . The refractory period of the MLA-and ␣BTx-sensitive responses was fairly brief in that paired stimulation with interpulse intervals of 100 -200 msec showed neither significant facilitation or inhibition.
To characterize the kinetics of EPSCs, we fit evoked responses with functions consisting of an exponentially rising phase and an exponentially decaying phase with either one or two time constants (see Materials and Methods). Although the majority of the synaptic responses had relatively smooth rising and decaying phases and could be fit well by these functions (r 2 Ͼ 0.90; 10 of 14 cells), a number of the EPSCs showed multiple peaks in the responses and could not be fit readily by simple exponential functions (see, for example, Fig. 2C,D) . These multiple peaks appeared at the same time points in successive responses and disappeared in parallel during antagonist superfusion. For the responses with simple kinetics the average time constant for the rising phase of the evoked EPSCs was 3.6 Ϯ 0.9 msec (n ϭ 10). The decay phase was fit better by the sum of two exponentially decaying components rather than by a monoexponential decay (r 2 ϭ 0.88 for single and 0.96 for the sum of two exponentials; t ϭ 3.26; p Ͻ 0.008, paired Student's t test). The primary component of the decay reflected, on average, 91% of the peak synaptic current and decayed with a of 5.1 Ϯ 1.0 msec. The secondary component (9% of the current) decayed with a of 49 Ϯ 15 msec. The MLA/␣BTx-sensitive component of the response (i.e., the control current minus the current that remained in the presence of MLA or ␣BTx) clearly had two decay components as well; in six of six cases the antagonist-sensitive current was fit better by the sum of two exponential functions than by a monoexponential decay ( p Ͻ 0.002, paired Student's t test).
MLA-sensitive spontaneous events recorded in the presence of the inhibitor cocktail were analyzed in a similar manner. As Figure 2 . Pharmacology of nicotinic responses in interneurons. Averaged evoked responses are illustrated before and during superf usion with nicotinic agonists and antagonists. Slices were stimulated electrically (arrows), and three to five successive responses were averaged before and during drug superf usion. A and B illustrate the effects of two different concentrations of MLA, whereas C shows the effect of ␣BTx. Some washout from the effects of ML A were seen, but the effects of ␣BTx were essentially irreversible for the duration of our experiments. D, A f unctional antagonism induced by superf usion with nicotine. E, The mean Ϯ SEM response in the presence of each of these agents is presented as a percentage of the mean EPSC amplitude during the period before drug superf usion. The numbers superimposed on the bars are the numbers of cells tested with the drugs at the indicated concentrations (in nM) (Ͻ100 represents the combined results from experiments with 50 and 75 nM ML A; Ͼ100 includes data from experiments with 100 and 150 nM ML A). F, An I-V plot for a synaptically evoked potential. For the I-V determination the cell was clamped with a C s-gluconate/QX-314-filled electrode at the indicated voltages for 10 sec before the synaptic stimulus to inactivate most voltage-dependent conductances. The reversal potential extrapolated from a linear fit to the first four points of the curve (straight line) was 15 mV. Similar inwardly rectif ying responses were obtained from four of four interneurons in which the synaptic current was inhibited by superf usion with MLA. A few cells showed noninwardly rectif ying responses, but none of them was affected by ML A. Stimulus artifacts were clipped in most records. would be expected, when they were compared with the synaptically evoked responses, the spontaneous events had somewhat faster rise times and similar decay kinetics (Fig. 5C) . The values for the rise times ranged from 0.50 to 0.67 msec (compared with an average of 3.6 msec for evoked responses), and values for the decay of spontaneous events ranged from 4.9 to 11.4 msec (the average for the fast component of the evoked responses was 5.1 msec). There was not a clearly distinguishable slow component to the decay of the sEPSC s, which may be a reflection of the difficulty involved in separating the low-amplitude slow component from the noise.
DISCUSSION
The present experiments demonstrate that the stimulation of cholinergic afferents in the hippocampal slice preparation can elicit excitatory postsynaptic responses in interneurons that are mediated via nAChRs that contain the ␣7 subunit. The identity of these EPSC s was confirmed by their lack of sensitivity to antagonists of other known fast ligand-gated ion channels (AMPA, NMDA, 5-HT 3 , ATP, and GABA A receptors), by their sensitivity to two selective antagonists of ␣7-containing nAChRs (MLA and ␣BTx), and by the ability of nicotine to desensitize the response. The MLA-sensitive EPSCs also had extrapolated reversal potentials near 0 mV and showed strong inward rectification at positive potentials, both characteristic of ␣7-mediated currents.
Several aspects of the kinetics of the ␣-BTx-sensitive nicotinic EPSCs deserve further discussion. First, there was some variability in the rise and decay times for the evoked responses between different cells (although within a cell the kinetics of individual responses were quite consistent). Second, the decay of nearly all of the responses were fit better by the sum of two exponential functions than by a monoexponential function. Although those observations might suggest that different populations of receptors mediate the kinetically distinct components of the response, there was little evidence to that effect. For example, there was no significant relationship between the overall time course of the responses and their sensitivity to MLA or ␣-BTx, nor was there evidence that the fast and slow components of the decay of the EPSCs were differentially sensitive to blockade. These results distinguish the present system from the situation in the ciliary ganglion (Ullian et al., 1997) in which two distinct populations of receptors mediate the synaptic response. An unexplored possibility is that, as has been suggested by others (Sargent, 1993) , there may be multiple populations of ␣7-containing receptors (but see Chen and Patrick, 1997) , each exhibiting similar sensitivity to MLA and ␣-BTx but having different kinetics that arise as a result of the incorporation of other receptor subunits. Alkondon and colleagues (1997) have suggested that there also may be non-␣7-containing nAChRs on interneurons. Although we have not examined that possibility in detail, the presence of mecamylamine in most experiments and the relatively uniform sensitivity of all components of the EPSCs to MLA suggest that non-␣7-containing nAChRs are unlikely to account for the biexponential decay rate of the EPSCs observed in the present study. A final explanation for the differences in the rise and decay times from cell to cell is based on anatomical considerations, i.e., the EPSCs demonstrating slower kinetics might correspond to the activation of more distal synapses. However, the lack of a significant correlation between the rise and decay time within individual cells suggests that this explanation is unlikely.
It was noted further that the ␣7-mediated spontaneous events had rise times that were significantly faster than the majority of the evoked responses. Similar observations have been made in other transmitter systems and could reflect either asynchrony in the evoked release process (i.e., nonsynchronous release of individual quanta), which would slow the rate of rise of evoked EPSCs, or a predominance of spontaneous events originating at proximal synapses, where they could be detected more easily than events occurring at distal synapses. The relatively low frequency of the sEPSCs is expected because presumably they occur in an action potential-independent manner, i.e., via the terminals of the severed axons of cholinergic cell bodies located in the medial septum. Alternatively, it is possible that the spontaneous events arise from the action potential-dependent activity of the sparse cholinergic neurons in hippocampus (Matthews et al., 1987) . In that event the low level of internal cholinergic circuitry also might explain the low frequency with which the spontaneous events were observed.
The present experiments have established clearly that cholin- ergic afferents, presumably originating in the septal nuclei, elicit fast EPSC s mediated by ␣7-containing nAChRs in hippocampal CA1 interneurons. Although there are intrinsic hippocampal cholinergic neurons (Matthews et al., 1987) , they provide only a very small part of the normal cholinergic innervation of the hippocampus and are unlikely to account for the responses observed here. Previous attempts to elicit cholinergic responses in hippocampal neurons in vitro have demonstrated that trains of stimulation can activate a slow EPSP mediated by muscarinic receptors in CA1 pyramidal neurons (Cole and Nicoll, 1983; Madison et al., 1987) but did not detect a nicotinic component to the responses. Together with the findings of the present study, those results suggest that, when septal cholinergic neurons fire at relatively low rates, the primary effect will be a nicotinic activation of hippocampal interneurons. Because of the extensive projections of interneurons to pyramidal neurons (Freund and Buzsáki, 1996) , the activation of interneurons by cholinergic afferents from the medial septum is likely to result in the GABAergic inhibition of pyramidal cells. At higher rates of activity this relatively transient inhibitory effect would be opposed by the slow cholinergic EPSP in the pyramidal cells. The combination of a slow excitatory potential (Cole and Nicoll, 1983) , a decrease in the C a 2ϩ -dependent afterhyperpolarization (Madison et al., 1987) , and synchronized transient I PSPs might provide a mechanism that could underlie the phasic bursts of pyramidal neuron activity that occur during theta rhythm activity. Such patterns of firing have been hypothesized to be an important component of the endogenous patterns of activity that can induce LTP at hippocampal CA1 synapses (Rose and Dunwiddie, 1986) . The additional effect of the inhibition of hippocampal interneurons by GABAergic septal neurons (Toth et al., 1997) adds another layer of complexity, and further studies in a more intact system will be required to assess the net effect of activation of both cholinergic and GABAergic septal afferents.
Another aspect of the synaptically evoked ␣7-mediated nicotinic EPSCs is that they essentially were blocked by bath superfusion with nicotine, although nicotine superfusion elicited no detectable inward currents. The present experiments did not distinguish between a possible presynaptic effect of nicotine (inhibition of release) versus a postsynaptic effect (e.g., desensitization of postsynaptic receptors). However, our previous studies have demonstrated that ␣7-containing nAChRs on interneurons can be desensitized completely by nanomolar concentrations of nicotine (Frazier et al., 1998) and that this occurs under conditions in which the possibility of a presynaptic action of nicotine (i.e., release of acetylcholine or other neurotransmitters) is blocked. That result strongly suggests that the effect of nicotine in the present study also was mediated postsynaptically. In that event the disruption of fast cholinergic transmission by low concentrations of nicotine (such as those achieved during the use of tobacco products) must now be considered as a likely mechanism contributing to the overall effect of nicotine on hippocampal function. In combination with the presynaptic effects of ␣7-containing nAChRs that have been described in hippocampus (Gray et al., 1996) , it is apparent that the net effect of nicotine on hippocampal activity is likely to be quite complex.
Given that it has been Ͼ25 years since the demonstration of high-affinity binding of [ 125 I]-␣BTx to sites in the CNS, it is surprising that there have not been previous reports of ␣BTx-sensitive synaptic potentials in the brain. However, there are several aspects of this response that have made it difficult to isolate. First, hippocampal pyramidal neurons in situ appear to lack ␣BTx-sensitive receptors (Jones and Yakel, 1997; Frazier et al., 1998) , and, until the development of visualized slice recording techniques, it was not possible to record consistently from GABAergic inhibitory neurons in slices. Furthermore, the disynaptic GABAergic response that might be evoked in pyramidal neurons as a result of driving interneurons via synaptic activation of nAChRs would be impossible to dissociate from the monosynaptic GABAergic responses that would result from such stimulation. Second, electrical stimulation can elicit a variety of EPSCs mediated via fast ligand-gated ion channels; in earlier experiments the pharmacological tools necessary to isolate ␣7-mediated EPSCs were not available. Finally, as has been suggested by Sargent (1993) , the extremely rapid desensitization of the ␣7-containing nAChR has made it considerably more difficult to study. Indeed, we have shown that the ␣7-containing nAChRs located on stratum radiatum interneurons cannot be activated by bath superfusion with agonists and can be desensitized very easily by the leakage of small amounts of agonist from drug pipettes; successful activation requires techniques that permit both the rapid application and rapid removal of agonist (Frazier et al., 1998) . With these factors in mind, it would appear likely that similar approaches to those used in the present study may demonstrate the existence of fast synaptic responses mediated by ␣7-containing nAChRs in other brain regions in which the receptor is expressed.
Note added in proof. The present observations regarding synaptic responses mediated by ␣7-containing receptors in hippocampal interneurons have recently been confirmed by another laboratory (M. Alkondon, E. F. R. Pereira, and E. X. Albuquerque, Brain Res, in press).
